Clinical and laboratory investigations have demonstrated the involvement of viruses and bacteria as potential causative agents in cardiovascular disease and have specifically found coxsackievirus B3 (CVB3) to be a leading cause. Experimental data indicate that cytokines are involved in controlling CVB3 replication. Therefore, recombinant CVB3 (CVB3rec) variants expressing the T-helper-1 (T H 1)-specific gamma interferon (IFN-␥) or the T H 2-specific interleukin-10 (IL-10) as well as the control virus CVB3(muIL-10), which produce only biologically inactive IL-10, were established. Coding regions of murine cytokines were cloned into the 5 end of the CVB3 wild type (CVB3wt) open reading frame and were supplied with an artificial viral 3Cpro-specific Q-G cleavage site. Correct processing releases active cytokines, and the concentration of IFN-␥ and IL-10 was analyzed by enzyme-linked immunosorbent assay and bioassays. In mice, CVB3wt was detectable in pancreas and heart tissue, causing massive destruction of the exocrine pancreas as well as myocardial inflammation and heart cell lysis. Most of the CVB3wt-infected mice revealed virus-associated symptoms, and some died within 28 days postinfection. In contrast, CVB3rec variants were present only in the pancreas of infected mice, causing local inflammation with subsequent healing. Four weeks after the first infection, surviving mice were challenged with the lethal CVB3H3 variant, causing casualties in the CVB3wt-and CVB3(muIL-10)-infected groups, whereas almost none of the CVB3(IFN-␥)-and CVB3(IL-10)-infected mice died and no pathological disorders were detectable. This study demonstrates that expression of immunoregulatory cytokines during CVB3 replication simultaneously protects mice against a lethal disease and prevents virus-caused tissue destruction.
Cardiovascular disease is one of the major causes of death in humans and has been linked to many different environmental risk factors. Among them, coxsackievirus B3 (CVB3)-a member of the picornavirus family-is one of the most important causes of virus-induced acute or chronic myocarditis in humans (37) . The presence of CVB3 in heart tissue of patients with acute myocarditis or dilated cardiomyopathy has been demonstrated, e.g., by detection of virus genome (18) and virus protein (23) . In order to study CVB3-caused infections in more detail, several murine models have been established (7, 26, 36) . Some mechanisms have been proposed in an attempt to distinguish between pathogenesis caused by direct viral myocardial tissue destruction (25) or by virus-induced immune responses directed at infected cardiomyocytes (6, 7) or at surface epitopes shared between viral and cellular proteins (5) . These investigations demonstrated that the pathology of CVB3-induced acute or chronic disease depends not only on the virus infection but also on several immune parameters, like the balance of T-cell activation (15, 21) or cytokine activity (16) . Among them, CD4
ϩ T-helper (T H ) lymphocytes seem to be involved in the outcome of CVB3-induced myocarditis (22) . These cells differentiate into two subsets capable of secreting distinct patterns of cytokines upon antigen stimulation. T H -1 (T H 1) cells secrete gamma interferon (IFN-␥), interleukin-2 (IL-2), and tumor necrosis factor alpha, whereas T H 2 cells predominantly produce IL-4, IL-5, IL-10, and IL-13 (32) . In general, these T-cell subsets are reciprocally regulated by IL-4, IL-10, and IFN-␥. The local expression of cytokines plays a crucial role in the murine immune response against CVB3. CVB3-infected cells expressing not only viral proteins but also murine cytokines should influence the normal pattern of virusspecific immune responses. Therefore, experimental modulation of local immunity could help to elucidate the role of cytokines in the onset of acute and chronic stages of murine myocarditis. In order to characterize the influence of either T H 1-or T H 2-directed T-cell activation on the outcome of CVB3-caused disease, two different recombinant CVB3 (CVB3rec) variants were established expressing the immunomodulatory cytokines IFN-␥ [by CVB3(IFN-␥)] and IL-10 [by CVB3(IL-10)] using the cloning procedure first described by Andino et al. (1) . Subsequent in vitro mutagenesis of CVB3 (IL-10) led to the control virus CVB3(muIL-10) releasing biologically inactive IL-10. After cytokine expression was confirmed in vitro, BALB/c mice were infected with CVB3wt and CVB3rec variants. Virus-caused cytokine expression was detectable in tissue samples. At several days postinfection (p.i.), tissue samples were obtained and analyzed for the amount of infectious virus, inflammation, and cell destruction. In mice, CVB3rec variants were not able to infect the heart and revealed therefore an attenuated phenotype. In contrast, as expected, CVB3wt was detectable in pancreas and heart tissue of BALB/c mice, causing massive destruction of the exocrine pancreas and inflammation as well as maximal myocardial inflammation and heart cell destruction. All inoculated CVB3 variants induced virus-specific antibody responses. Furthermore, 28 days after the initial infection challenge experiments with the lethal variant, CVB3H3 revealed almost complete protection against CVB3 infections, when we used BALB/c as well as C57BL/6 mice, which was dependent on the virus-caused production of functional cytokines by CVB3rec variants but was independent of whether T H 1-or T H 2-specific cytokines were expressed.
MATERIALS AND METHODS

Mice. Male inbred BALB/c (H-2
dd ) and C57BL/6 (H-2 bb ) mice (7 to 9 weeks of age) were used in this study. Experimental groups consisted of a minimum of three or four mice, and experiments were repeated usually three or four times. Animal experiments complied with all federal requirements and guidelines and institutional policies.
Viruses and cell lines. The CVB3 used was cDNA-generated viruses obtained after transfection of African green monkey kidney (GMK) cells with the plasmid pCVB3M2 (24) or pBK-CMV/CVB3H3 (20) . Viruses were propagated in GMK cells and quantified by standard plaque formation assay on GMK cell monolayers as described previously (7).
Infection protocol. Mice were inoculated by intraperitoneal injection of 0.2 ml of saline containing the stated amount of virus and were monitored daily for morbidity and mortality up to 4 weeks p.i.
Challenge experiments. Four weeks after the initial infection with CVB3wt or CVB3rec variants, all surviving mice were challenged with five 50% lethal doses (LD 50 s) of the lethal CVB3H3 variant by intraperitoneal infection. Age-matched control mice which were not infected during the first set of experiments were used to verify the outcome of the lethal challenge. Mice were monitored daily for morbidity and mortality up to 4 weeks p.i. The statistical comparisons were carried out with Microsoft Excel by using Student's t test.
Construction of chimeric CVB3. The murine genes encoding IL-10 and IFN-␥ were cloned into the SacI restriction site at nucleotide position 747 of the coxsackieviral genome. The insertion site corresponds to codon 2 of the capsid protein VP4. It was aimed to clone the cytokine genes without the N-terminal signal peptides to avoid trafficking of the nascent polyprotein into the endoplasmic reticulum. At the C-terminal junction to the CVB3 polyprotein, an additional 12 nucleotides encoding a QG consensus sequence preceded by the tripeptide ALF was introduced to accomplish proper polyprotein processing by the viral 3C-proteinase. Prior to cloning, the cytokine sequences were obtained from the heart tissue of CVB3-infected mice by reverse transcriptase PCR (RT-PCR) and by using the primer pairs IL-10-5Ј (5Ј-AAAATGGGAGCTCAA-AGCAG GGGCCAGTACAGCCGG-3Ј) and IL-10-3Ј (5Ј-TGATACTTGAGCTCCTTG AAACAAAGCGCTTTTTACTTTGATCAT-3Ј) for amplification of IL-10 and IFN-␥-5Ј (5Ј-AAAATGGGAGCTCAATCTGGCTGTTACTGCCACGGC-3Ј) and IFN-␥-3Ј (5Ј-TGATACTTGAGCTCCTTGAAACAAAGCGCAGCGACT CCTTTTCCG-3Ј) for amplification of IFN-␥. PCR fragments were digested with SacI and cloned into the infectious cDNA pCVB3M2 (24) to give the plasmids pCVB3M2(IL-10) and pCVB3M2(IFN-␥). Viable cDNA-generated viruses CVB3(IL-10) and CVB3(IFN-␥) were obtained after transfection of GMK cells with plasmid DNA. The correct insertion of the inserted genes was verified by sequencing of viral RNA. In order to analyze the in vivo effects caused by the real cytokine activity, a suitable control virus was necessary. To generate such a control virus, the IL-10 gene was modified by subsequent in vitro mutagenesis leading to CVB3(muIL-10). For that purpose, a small peptide (PAAAPG) was inserted between amino acids 111 and 112 of the IL-10 sequence, causing a significant change of the secondary protein structure by interfering with the correct alignment of the disulfide bridges between the highly conserved cysteines at positions 62, 108, and 120.
One-step growth curve experiments. GMK cell monolayers were infected with one multiplicity of infection. After 45 min at 37°C, supernatants were removed and cell monolayers were washed twice. Thereafter, 2-ml cell culture media were added, and all monolayers were incubated at 37°C. At different times p.i., supernatants as well as remaining cells were isolated and frozen at Ϫ20°C. Cells were disrupted by three cycles of freezing and thawing. Cell debris was removed by centrifugation, and samples were stored at Ϫ70°C. The amount of infectious virus was determined in triplicates by standard plaque assay. The obtained growth curve for each virus variant was calculated from three different experiments and is demonstrated as mean Ϯ standard deviation.
Quantification of cytokines. The amount of IFN-␥ in culture supernatants and in murine sera was determined using a commercial available enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Inc.). The concentration of IL-10 was measured using a bioassay based on the IL-10-dependent growth of the murine mast cell line D36 (31) and was described in detail by Schlaak et al. (30) . Recombinant IL-10 (PeproTech Inc.) was used to standardize the assay.
Virus titer in organs. At different days p.i., organs were aseptically obtained, washed with sterile saline, and homogenized with cell culture medium (Dulbecco modified Eagle medium) containing 50 U of penicillin and 50 mM streptomycin per ml. Cell debris was removed by centrifugation, and supernatants were subjected to sequential 10-fold dilutions in Dulbecco modified Eagle medium. The virus titer was determined by 50% tissue culture infective dose (TCID 50 ) assays. The statistical comparisons were carried out with Microsoft Excel by using Student's t test.
Determination of serum ␣-HBDH activity. In sera, the concentration of the cardiomyocyte-specific enzyme ␣-hydroxybutyrate-dehydrogenase (␣-HBDH) was analyzed using a commercially available kit (Sigma Diagnostics) according to the instructions of the manufacturer. Briefly, murine sera were diluted 1:4 with saline and maintained at 25°C together with the kit reagent. Part of each sample (0.02 ml) was incubated for 30 s with 0.5 ml of the prewarmed kit reagent. Then the absorbance was determined at 340 nm. Exactly 1, 2, and 3 min after the initial reading, the absorbance was measured again and the mean value change per minute was determined. Thereafter, ␣-HBDH activity was compared to whole lactate dehydrogenase activity (Sigma Diagnostics), demonstrating that the quotient of LDH/␣-HBDH was always below 1.3, which indicates cardiomyocyte destruction.
Preparation and staining of routine histology. Aseptically removed pancreas and heart tissue was fixed with 4% formalin and mounted in paraffin, and 6-m sections were cut and stained with hematoxylin and eosin or with Sirius red.
RT-PCR. RNA was isolated from the pancreas tissue of infected and noninfected BALB/c mice according to the acid guanidinium thiocyanate phenol chloroform method (3), which is described in detail in reference 8. The detection of viral genomes was performed by RT-PCR using a primer pair which corresponds to the positions 471 to 494 and 848 to 872 of the original cDNA, giving the following PCR products: CVB3wt, 340 bp; CVB3(IFN-␥), 740 bp; CVB3 (IL-10), 820 bp; and CVB3(muIL-10), 838 bp.
Immunohistochemistry with paraffin sections. The detection of CVB3 antigens in murine tissue samples was carried out as described previously (7).
Immunohistochemistry with frozen sections. Immunohistochemical studies were carried out with cryomicrotome sections from pancreas and heart tissue as described previously (8) . Primary antibody was applied for 14 h at 4°C. These consisted of rat anti-mouse IL-10 anti-bodies (clone JES5-16E3; PharMingen) and rat anti-mouse IFN-␥ antibodies (clone XMG1.2; PharMingen). Thereafter, secondary biotin-conjugated goat anti-rat antibodies (Jackson ImmunoResearch Laboratories) were used.
Quantification of CVB3-specific antibodies. The concentration of virus-binding antibodies in the sera of CVB3-infected mice was determined by using 96-well flat-bottomed microtiter plates coated with a rabbit anti-CVB3 serum (protein concentration, 1 g/ml). After removal of the excess, wells were washed once with phosphate-buffered saline (PBS) and incubated with a blocking buffer (PBS with 1% bovine serum albumin) for 30 min at 37°C. Plates were then automatically washed six times with PBS and 0.05% Tween 20. Purified CVB3 preparations were then bound to the coated plates and incubated overnight at 4°C. Thereafter, plates were washed three times with PBS and 0.05% Tween 20, followed by experimental mouse sera. After additional washing, peroxidaseconjugated goat anti-mouse immunoglobulin G was added and samples were incubated for 2 h at 37°C. After several washing procedures, o-phenylenediamine dihydrochloride (OPD-peroxidase substrate tablet set; Sigma Diagnostics) was applied to determine relative amounts of CVB3-binding immunoglobulin G measured by absorbance at 490 nm.
In situ hybridization. The detection of viral RNA in tissue samples of infected mice was carried out as described previously (8) .
RESULTS
Construction and characterization of CVB3rec variants.
In order to establish cytokine-expressing CVB3 variants, the coding sequence of murine IFN-␥ or IL-10 was amplified by PCR using cytokine-specific primer pairs supplied with an artificial viral 3Cpro-specific Q-G protease cleavage site and was inserted into the full-length cDNA of CVB3 (pCVB3M2) as demonstrated in Fig. 1A . Due to the insertion of the cytokine sequence, plaque assays and one-step growth curves indicated reduced growth capacity of the CVB3rec variants CVB3 (IFN-␥) and CVB3(IL-10) when compared to the wild-type virus CVB3wt as demonstrated in Fig. 1B and C. To distinguish between effects caused by this reduced replication efficiency and the real cytokine activity under in vivo conditions, a suitable control virus was necessary. In order to generate such a control virus, the IL-10 gene was modified by subsequent in vitro mutagenesis leading to CVB3(muIL-10). For that purpose, a small peptide was inserted between amino acids 111 and 112 of the original IL-10 sequence, causing a significant change of the secondary protein structure. In view of viral replication in vitro, there was no difference between CVB3 (IL-10) and CVB3(muIL-10) detectable (Fig. 1B and C) . The stability of the obtained CVB3rec variants was tested by RT-PCR, demonstrating that after seven passages the original virus was still intact (data not shown).
Quantification of cytokine production by CVB3rec variants. As demonstrated in Table 1 , correct processing of the CVB3 polyprotein released IL-10 and IFN-␥. The concentration of IL-10 in supernatants of virus-infected GMK cells was determined with a bioassay based on the IL-10 susceptibility of D36 cells. Using recombinant IL-10 as a standard, the mean value of IL-10 in the supernatant of CVB3(IL-10)-infected GMK cells was calculated as 11.65 Ϯ 4.24 U/ml, whereas in supernatants of GMK cells infected with CVB3wt, CVB3(IFN-␥), or CVB3(muIL-10), no IL-10 activity was detectable. This bioassay clearly demonstrated that IL-10 produced by CVB3(muIL-10) was biologically inactive. The concentration of IFN-␥ in supernatants of CVB3(IFN-␥)-infected GMK cells was determined by an ELISA indicating that the mean value of IFN-␥ was 507 Ϯ 38 U/ml, whereas in supernatants of CVB3wt-, CVB3(IL-10)-, or CVB3(muIL-10)-infected GMK cells, no IFN-␥ was detectable. All samples contained the same virus amount of 10 7 PFU/ml. Furthermore, increased levels of IFN-␥ in serum were also detectable in CVB3(IFN-␥)-infected BALB/c mice 1 day p.i. (data not shown).
Detection of CVB3 variants in murine pancreas tissue. After cytokine expression was confirmed in vitro, male BALB/c mice were infected with 10 6 PFU of CVB3wt, CVB3(IFN-␥), CVB3 (IL-10), or CVB3(muIL-10) or remained noninfected. One day p.i., pancreas tissue was obtained and analyzed for the presence of viral protein ( Fig. 2A ) or viral RNA (Fig. 2B) . Infection with CVB3wt caused a widespread viral replication in the exocrine pancreatic tissue, whereas the replication of the recombinant viruses was limited to small areas. The presence of virus-produced cytokines was characterized by immuno-histochemistry. Expression of IFN-␥ (Fig. 2C ) or IL-10 ( Fig. 2D ) was detectable only in murine tissue which was infected either with CVB3(IFN-␥) or CVB3(IL-10). The mutated IL-10 expressed by CVB3(muIL-10) was also recognized by the IL-10-specific primary antibody but with decreased sensitivity, indicating that structural changes in the protein sequence of muIL-10 may also interfere with antibody binding sites. As demonstrated in Fig. 2E , the insertion into the genome of the CVB3rec variants remained genetically stable also under in vivo conditions, as shown by RT-PCR from pancreas tissue 3 days p.i.
Comparison of virus-induced pathogenesis in pancreas and heart tissue. CVB3wt was detectable in pancreas and heart tissue of BALB/c mice, causing massive destruction of the exocrine pancreas and inflammation 1 to 2 days p.i. (Fig. 3A) as well as maximal myocardial inflammation 7 days p.i. (Fig.  3B) , which was accompanied by significantly increased levels of ␣-HBDH activity in serum 4 and 7 days p.i. (Table 2 ) (for CVB3wt versus CVB3rec variants, P Ͻ 0.01), indicating cardiomyocyte destruction. In contrast, low titers of CVB3rec variants were present only in the pancreas tissue of infected mice (Table 2) , causing inflammation with subsequent healing, but the occurrence of infiltrating immune cells was dependent on the virus variant used (Fig. 3A) . In CVB3(IFN-␥)-infected mice, early inflammation started 1 to 2 days p.i. and declined up to 7 days p.i., whereas in CVB3(IL-10)-infected mice, the presence of inflamed areas in pancreas tissue was delayed, reaching maximal expansion up to 7 days p.i. In CVB3(muIL-10)-infected mice, no intense inflammation was present in pancreas tissue up to 7 days p.i. All replicating virus was removed from pancreatic tissue 7 days p.i. (Table 2 ). Furthermore, CVB3rec variants were not able to reach the heart, and no cardiomyocyte destruction was detectable, which was confirmed by normal serum ␣-HBDH levels in these mice (Table  2) . Myocardial tissue of these infected mice was normal, like tissue of control mice (data not shown), and no viral RNA was detectable in heart tissue samples when RT-PCR was used (Fig. 3B) .
Expression of immunoregulatory cytokines by CVB3rec variants confers protection against a lethal CVB3 challenge.
As demonstrated in Table 3 , 80.8% (38 of 47) of CVB3wt-infected BALB/c mice survived, but only 23.7% (9 of 38) of these mice remained without obvious symptoms like loss of weight, decreased reactivity, and bristled-up fur 28 days p.i. In contrast, all BALB/c mice infected either with CVB3(IFN-␥) or CVB3(IL-10) revealed no sign of ongoing disease, and no casualties occurred. In the CVB3(muIL-10)-infected group also, no casualties were present and 90% (27 of 30) of these mice remained without obvious symptoms. In order to investigate if the results from these experiments were dependent on the genetic background of the murine host, the C57BL/6 mouse strain was used. Basically the same results were obtained (Table 3) . Of the CVB3wt-infected C57BL/6 mice, 100% (10 of 10) survived, but only 50% (5 of 10) remained without obvious symptoms 28 days p.i. In contrast, C57BL/6 mice infected either with CVB3(IFN-␥) or CVB3(IL-10) were healthy without any sign of ongoing disease and no casualties occurred. In the CVB3(muIL-10)-infected group also, no casualties were present and 90.9% (10 of 11) remained healthy. These data demonstrate that during the first infection no obvious differences between the cytokine-expressing variants CVB3(IFN-␥) and CVB3(IL-10) and the control virus CVB3 (muIL-10) were detectable. In addition, the characterization of the amount of CVB3-specific antibodies in the sera of all infected mice revealed no differences (Table 3 ). In order to analyze the possibility that the virus-produced cytokines IFN-␥ and IL-10 induced a strong memory immune response in mice, all surviving animals were challenged with five LD 50 s of the lethal CVB3H3 variant 4 weeks after the first infection (Table  4 ). All BALB/c control mice, which received no virus inoculation during the first infection, died within 7 days p.i. In addition, more casualties in the group originally infected with CVB3wt occurred and all mice revealed obvious symptoms linked to the viral infection. But only one mouse of 31 died in the CVB3(IFN-␥) group, and no death occurred in the CVB3 (IL-10) group. All of these surviving mice appeared healthy. In contrast, only 46.7% (14 of 30) of the mice originally infected with the control virus CVB3(muIL-10) survived this lethal challenge and most of these mice demonstrated symptoms. Statistical analyses of the number of surviving animals during these challenge experiments showed significant differences between mice originally infected with CVB3wt and mice that received CVB3(IFN-␥) or CVB3(IL-10), as well as between mice originally infected with CVB3(muIL-10) and mice that received CVB3(IFN-␥) or CVB3(IL-10) (for all comparisons, P Ͻ 1 ϫ 10 Ϫ8 ), but no significant difference was detectable between mice originally infected with CVB3wt and with CVB3 (muIL-10) (P ϭ 0.06). When another mouse strain, like C57BL/6, was used, basically the same results were obtained during the challenge experiments (Table 4 ). All C57BL/6 control mice, which received no virus inoculation during the first infection, died within 7 days p.i. Furthermore, 50% (5 of 10) of mice originally infected with CVB3wt died and all surviving mice revealed obvious symptoms linked to the viral infection. In contrast, no death was present in the CVB3(IFN-␥) and CVB3(IL-10) group and all of these mice appeared without any symptoms. But only 54.5% (6 of 11) of the mice originally infected with the control virus CVB3(muIL-10) survived this lethal challenge, and most of these mice were sick. Statistical analyses of the amount of surviving animals during these challenge experiments showed significant differences between mice originally infected with CVB3wt and those that received CVB3 (IFN-␥) or CVB3(IL-10), as well as between mice originally infected with CVB3(muIL-10) and those that received CVB3 (IFN-␥) or CVB3(IL-10) (for all comparisons, P Ͻ 0.0065), but no significant difference was detectable between mice originally infected with CVB3wt and with CVB3(muIL-10) (P ϭ 0.64). The data obtained from all challenge experiments indicate that in both mouse strains, the protection seen in the CVB3(IFN-␥)-and CVB3(IL-10)-infected group was based on the expression of cytokines from these CVB3rec variants most likely linked with an extensive activation of the immune response against CVB3 in general. In addition, the tissue of BALB/c mice originally infected with CVB3wt or CVB3(muIL-10) that survived the lethal CVB3H3 challenge revealed massive destruction of the exocrine pancreas as well as fibrosis in heart tissue 28 days p.i., as shown in Fig. 4A and D, whereas no pathological disorders were detectable in mice originally infected with CVB3(IFN-␥) or CVB3(IL-10) 28 days postchallenge ( Fig. 4B and C) . These results indicate that simultaneous expression of immunoregulatory cytokines during CVB3 replication can prevent virus-based tissue destruction caused by a normally lethal virus infection. The prevention of CVB3H3-induced lethal disease observed in mice originally infected with CVB3(IFN-␥) or CVB3(IL-10) was based on a dramatic inhibition of viral replication in the pancreas tissue and the lack of virus replication in the heart tissue during the early stage of the lethal challenge, as demonstrated in Fig. 5 . BALB/c mice that remained noninfected during the first inoculation revealed high viral titers in pancreas and heart tissue 3 days after the lethal challenge with 5 LD 50 s of CVB3H3. In the pancreas tissue of these mice, the amount of infectious CVB3H3 was significantly increased in comparison with the viral load in mice that received a first inoculation 28 days earlier (P Ͻ 0.028). A significant reduction of viral replication was observed in the pancreas tissue of mice that received either CVB3(IFN-␥) or CVB3(IL-10) during the first inoculation, compared to mice of all other groups (P Ͻ 0.03). No statistical significance was detectable between the CVB3(IFN-␥) and the CVB3(IL-10) groups as well as between the CVB3wt and CVB3(muIL-10) groups. In heart tissue, the challenge virus was detectable only in mice which received CVB3wt or CVB3(muIL-10) during the first inoculation or remained noninfected. The viral load in b ␣-HBDH activity in murine sera is presented as relative amount in comparison to the ␣-HBDH activity in sera of mice of the noninfected group. Data represent the mean Ϯ standard deviation of three experiments.
c ND, not detectable.
FIG. 3. (A)
Paraffin sections of pancreas tissue obtained from BALB/c mice were stained with hematoxylin and eosin 2 and 7 days following infection with CVB3wt or CVB3rec variants (magnification, ϫ200). (B) RT-PCR was performed. Replication of CVB3wt in heart tissue (lanes 1 to 3, virus) was accompanied by myocardial inflammation (magnification, ϫ200), whereas no viral genome was detectable in the heart tissue of CVB3rec-infected mice. Additional lanes: M, DNA molecular weight markers; 4 to 6 CVB3(IFN-␥); 7 to 9, CVB3(IL-10); 10 to 12, CVB3 (muIL-10).
heart tissue of these mice was not significantly different. In the heart tissue of mice which were inoculated with CVB3(IFN-␥) or CVB3(IL-10) during the first infection, the challenge virus was not detectable by TCID 50 assays or RT-PCR and remained negative up to 4 weeks postchallenge (data not shown).
DISCUSSION
After experimental CVB3 infection of mice, replicating viruses can be detected during the acute stage of infection in several organs but especially in heart and pancreas tissue. Even though CVB3 is typically a cytolytic virus, persistence of viral genomes in the murine heart can lead to chronic stages of myocarditis characterized by infiltration of lymphocytes, cardiomyocyte destruction, fibrosis, and calcification. Both viruscaused tissue damage and immune activation are involved in CVB3-caused pathology. The simultaneous expression of immunoregulatory proteins from within the viral genome and starting immediately with the viral replication should activate immune responses much faster than during a normal course of infection. Two sites have been used successfully to insert larger foreign nucleotide sequences into picornaviral genomes: the start of the translation (1) and the junction of the viral capsid protein 1D and the viral protease 2Apro (35) . Until today, three studies have described coxsackieviral vectors to express foreign sequences (2, 11, 29) . For example, it has recently been demonstrated that a CVB3 vector can produce an intact, biologically active interleukin (IL-4) under in vitro and in vivo conditions (2) .
The purpose of the experiments described in this publication was to elucidate the effect of a T H 1-or T H 2-specific cytokine expression by CVB3rec variants on the outcome of the CVB3-induced pathogenesis and on the induction of a protective a After the first infection (Table 3) , all surviving mice were challenged with five LD 50 s of CVB3H3.
b Obvious symptoms linked to CVB3 infection are loss of weight, decreased reactivity, and bristled-up fur. status in mice to prevent a lethal disease. In order to generate such recombinant viruses, the murine sequences encoding IFN-␥ or IL-10 were cloned into the CVB3 genome. Subsequent in vitro mutagenesis of the IL-10 sequence led to the control virus CVB3(muIL-10) producing no biologically active IL-10. The CVB3 protease 3Cpro cleaved the cytokines from the nascent CVB3 polyprotein efficiently, as demonstrated by ELISA and bioassays (Table 1 ). In general, CVB3 replicated primarily in tissue of the exocrine pancreas upon i.p. inoculation (8) . The CVB3rec variants revealed an attenuated phenotype in mice, because only a limited virus replication was detectable in pancreas tissue with subsequent healing and an infection of the heart was not observed. With regard to the virus load and the virus-caused pathogenesis in the pancreas tissue of BALB/c mice, only minor differences between CVB3 (IFN-␥)-, CVB3(IL-10)-, and CVB3(muIL-10)-infected mice occurred, indicating that due to the insertion of additional nucleotide sequences into the viral genome, the replication efficiency of the CVB3rec variants was decreased. However, in comparison with CVB3(IFN-␥) and CVB3(muIL-10), the time course of the CVB3(IL-10) replication was slightly delayed during the first 2 days p.i., reaching a maximum of 4 days p.i., whereas CVB3(IFN-␥) replication declined faster than CVB3 (IL-10) and CVB3(muIL-10) replication up to 4 days p.i. (Table 2). These findings were accompanied with the observation that inflammation in the pancreas tissue of CVB3(IFN-␥)-infected mice was already maximal 2 days p.i., indicating that early virus-produced IFN-␥ most likely induced an activation of resident macrophages to defend pancreatic cells from the invading virus (13) . The inflammatory infiltration of immune cells in the pancreatic tissue of CVB3(IL-10)-infected mice was delayed up to 7 days p.i., indicating that IL-10 produced by CVB3(IL-10) could be responsible for this result. Furthermore, no strong infiltration was observed in the pancreas tissue of CVB3(muIL-10)-infected mice (Fig. 3A) . In contrast to the results obtained from CVB3rec-infected mice, CVB3wt caused an ongoing disease in BALB/c mice, accompanied by tremendous viral replication and massive destruction of the exocrine pancreas as well as myocardial inflammation and cardiomyocyte destruction (Fig. 3 and Table 2 ). In sera of all mice which survived the infection, high anti-CVB3 antibody titers were detectable.
Four weeks after the first infection, surviving mice were challenged with five LD 50 s of the lethal CVB3H3 variant, causing more casualties in the CVB3wt group, whereas almost all mice of the CVB3(IFN-␥)-and CVB3(IL-10)-infected groups remained healthy. The significance of this result was confirmed by the nonprotective effect of CVB3(muIL-10) and the independence from the genetic background of the murine host used (Tables 4 and 5 ). Therefore, a strong cytokine-dependent immune response during the first infection could be responsible for the protection of almost all mice during the second infection with the lethal CVB3H3 strain. This protection was linked with a significant reduction of the viral load in the pancreas tissue and a prevention of CVB3H3 replication in the heart. Decreased viral replication was also one reason for the vaccine-induced protection against CVB3-caused myocarditis observed in DNA-vaccinated mice (9, 10) . In contrast, the tissue of mice that received CVB3wt or CVB3(muIL-10) during the first infection remained susceptible to CVB3H3 (Fig. 4  and 5 ). How were these immunoregulatory cytokines IFN-␥ and IL-10, produced by CVB3(IFN-␥) and CVB3(IL-10), able to prevent a lethal disease in BALB/c and C57BL/6 mice even after complete viral clearance 4 weeks after the initial infection? The mechanisms by which both IFN-␥ and IL-10 abate CVB3H3 replication in mice were most likely very complex, involving multiple protective responses. Previous studies have already demonstrated that cytokine-mediated immune responses are commonly involved in CVB3-caused myocarditis (33) and may help to reduce or to intensify disease. For example, transgenic overexpression of IFN-␥ in pancreas tissue conferred protection of mice from CVB3-induced myocarditis (14) and from CVB4-caused pancreatitis (13) . IFN-␥ is pluripotent in its function, inducing cellular processes that activate macrophages (12, 34) as well as direct protection (28) . Thus IFN-␥ produced by CVB3(IFN-␥) may activate nonspecific antiviral immune responses in the pancreas and therefore protect the acinar tissue by the induction of a rapid inflammatory infiltration, which reflects our observation shown in Fig. 3A . In view of the CVB3(IL-10)-induced protection, it was demonstrated earlier that IL-10 can inhibit IL-2 production by lymphocytes (4) . Exogenous treatment by IL-2 accentuated the myocardial (16) . In another report, exogenous administration of IL-2 caused prolonged survival and reduced myocardial injury during the 1st week after CVB3 infection in mice, but administration of this cytokine during the 2nd week exacerbated the course of the disease (19) . Because IL-10 can inhibit IL-2 production of lymphocytes, IL-10 may prolong survival and attenuate myocardial injury in part by inhibiting IL-2 release. As shown previously, systemic treatment with recombinant IL-10 caused enhanced survival in encephalomyocarditis virus-infected mice by suppression of inflammation during virus-caused myocarditis (27) . In addition, immunization with a live-attenuated varicella-zoster virus vaccine induced IFN-␥ and IL-10 production in human volunteers and was the prerequisite for an intense T-cell proliferation in primary and memory immune responses (17) , indicating that both cytokines may be important for the induction of a long-lasting immunity to some viral antigens. In general, our data indicate that the simultaneous expression of immunoregulatory cytokines during CVB3 replication can influence the normal pattern of immune pathways, causing an intense protective reaction against subsequent viral infections, which was independent of whether IFN-␥ or IL-10 was released by the CVB3rec variants. Further experiments are focused on the characterization of the protective immune responses induced by CVB3(IFN-␥) and CVB3(IL-10).
